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Abstract 


This  report  presents  the  results  of  mechanical  and  ballistic  tests  on  polyester  and 
polyurethane-based  composites  of  polypyrrole-coated  S-2  glass  fabrics.  The  fabrics  were 
obtained  from  the  Milliken  Research  Corporation,  Spartanburg,  SC.  The  data  support  the 
proposition  that  the  glass  fibers  are,  at  most,  slightly  damaged  by  the  coating  process  that 
requires  an  acidic  solution  of  pH  1 .  The  mechanical  properties  of  the  interface  between  the  glass 
fibers  and  the  matrix  resin  are  weakened  by  the  presence  of  the  polypyrrole  coating  in  the 
polyester  resin  composites.  As  a  consequence,  the  tensile,  compressive,  flexure,  and 
short-beam-shear  strengths  are  all  lower  than  comparable  composites  made  with  uncoated 
fabrics.  The  ballistic  properties  of  the  polypyrrole-coated-fabric  polyester  resin  composites  are 
as  good  or  perhaps  even  slightly  better,  however,  as  a  result  of  increased  delamination.  The 
tensile  strengths  of  the  polypyrrole-coated-fabric  polyurethane  composites  were  slightly  higher 
than  for  similar  composites  made  with  uncoated  fabrics,  although  the  flexural  modulus  was  not 
changed.  The  tensile  strength  of  the  polypyrrole-coated  fabrics  was  also  measured  and  found  to 
be  about  20%  higher  than  comparable  amino-silane-sized  fabrics,  apparently  as  a  consequence 
of  the  increased  lubricity  of  the  polypyrrole-coated  fibers. 
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1.  Introduction 


Polypyrrole-coated  fabrics  have  now  been  available  from  the  Milliken  Research  Company 
for  a  number  of  years.*  In  previous  research  at  the  U.S.  Army  Research  Laboratory  (ARL),  these 
fabrics  were  found  to  exhibit  interesting  dielectric  properties  when  fabricated  into  composites  of 
thermoset  resins  [1],  These  dielectric  properties  make  such  composites  interesting  for  use  in  a 
variety  of  structural  applications.  A  similar  analysis  of  the  mechanical  and  ballistic  properties  of 
these  composite  materials,  the  focus  of  the  work  presented  in  this  report,  is  also  needed  if  they 
are  to  be  used  for  such  structural  applications. 

The  polypyrrole  coating  applied  to  the  fabrics  is  very  thin,  far  less  than  a  micron  thick  [2]. 
The  coating  is  applied  by  a  fabric  dyeing  process  in  an  aqueous  acid  bath  with  a  pH  of 
approximately  1.  It  can  be  applied  to  a  variety  of  fabrics  including  nylon,  polyester,  Kevlar, 
quartz,  and  S-2  glass.  S-2  glass  fabrics  to  be  coated  must  be  protected  from  the  acid  bath  by  the 
polymeric  sizing  that  is  applied  to  protect  the  fibers  in  handling  and  to  control  the  mechanical 
properties  of  the  fiber  matrix  interface  in  composites.  The  polypyrrole  coating  is  made 
conductive  by  doping  with  an  aromatic  disulphonic  acid,  so  the  sizing  must  continue  to  protect 
the  glass,  even  after  it  is  coated  and  dried.  For  the  Milliken  Research  Corporation  process, 
amino-silane  sizings  have  been  found  to  be  best  for  protecting  the  glass  in  the  acid  bath  and 
adhering  to  the  polypyrrole.  Because  the  fabrics  are  immersed  in  a  highly  acidic  bath  and  are 
handled  extensively  during  the  coating  process,  it  is  possible  that  the  process  could  decrease  the 
strengths  of  fibers  in  the  fabric.  The  handling  of  the  fabrics  during  the  coating  process  can 
introduce  weft  distortion  in  the  fabric  and  mechanical  damage  to  the  fibers.  Both  can  adversely 
affect  the  mechanical  properties  of  composites  made  from  these  fabrics. 

The  polypyrrole  coating  is  applied  over  the  sizing  on  the  fabric  as  an  additional  layer  of 
material  between  the  glass  and  the  matrix  resin.  This  can  have  a  potentially  adverse  effect  on  the 
mechanical  properties  of  the  interface,  particularly  if  the  adhesion  of  the  coating  to  the  sized 
fibers  is  poor. 

*  Milliken  Research  Company,  PO  Box  1926,  Spartanburg,  SC  29303. 
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Previous  work  at  ARL,  presented  at  the  December  1994  Materials  Research  Society  meeting 
[3],  did  not  clearly  answer  questions  of  the  effects  of  the  polypyrrole  coating  on  mechanical  and 
ballistic  properties  of  polyester  resin  matrix  composites  fabricated  with  these  coated  fabrics. 
Since  no  account  of  this  work  has  been  published,  it  is  presented  in  this  report.  In  new  work, 
also  presented  here,  the  tensile,  compressive,  and  flexure  strengths  and  moduli  and  the 
short-beam-shear  strength  of  polyester  resin  matrix  composites  of  polypyrrole-coated  S-2  glass 
were  compared  with  those  of  similarly  prepared  composites  of  uncoated  glass.  The  tensile 
strength  and  flexure  modulus  of  composites  of  uncoated  and  polypyrrole-coated  S-2  glass  in 
polyurethane  resins  are  also  of  interest,  and  the  results  of  these  measurements  are  presented  here. 
Ballistic  tests  of  the  polyester  composites  were  also  performed  using  a  22-cal. 
fragment-simulating  projectile.  Finally,  tensile  tests  on  the  uncoated  and  polypyrrole-coated 
fabrics  were  performed  in  an  attempt  to  separate  effects  of  the  coating  on  the  fiber  strength  from 
its  effects  on  the  mechanical  properties  of  the  interface. 

A  literature  search  was  conducted  on  composites  of  polypyrrole-coated  fabrics.  The  only 
article  of  interest  found  was  a  report  on  polypyrrole-coated  E-glass  by  Attias  et  al.  [4].  The 
polypyrrole  coating  in  this  work  was  prepared  using  a  different  dopant  to  obtain  a  high 
conductivity.  In  their  work,  Attias  et  al.  studied  both  a  commercial  amino-silane  sizing  and  a 
special  amino-silane  sizing  in  which  the  amine  was  pyrrole.  The  adherence  of  their  polypyrrole 
coating  to  sized  fibers  was  rather  poor  with  the  commercial  sizing,  leading  to  low  interlaminar 
shear  strength  in  an  epoxy  composite.  The  special  sizing  adhered  to  the  polypyrrole  coating 
quite  well,  however,  and  no  decrease  in  interlaminar  shear  strength  was  noted  in  the  epoxy 
matrix  composites.  No  tensile,  compressive,  or  flexure  strength  data  were  reported  for  these 
composites. 

2.  Sample  Preparation 

Most  of  the  fabrics  used  in  this  work  were  type  6781  S-2  glass,  an  8.8-oz,  8-hamess  satin 
weave,  with  58  ends  (fibers  in  the  long  direction  of  a  roll)  and  55  picks  (fibers  in  the  direction 
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across  the  roll)  per  inch.  These  glass  fabrics  were  obtained  from  JPS  Glass*  and  were  sized  with 
JPS’s  standard  9827  amino-silane  sizing.  Batches  of  these  fabrics  were  coated  with  polypyrrole 
by  Milliken  Research  Corporation.  Uncoated  fabrics  were  also  obtained  directly  from  JPS  Glass. 
Some  composites  were  also  made  with  a  6781  fabric  with  a  Volan  sizing  obtained  from 
Lydall-Manning^  in  order  to  have  samples  with  another  sizing  for  comparison. 
Polypyrrole-coated,  24-oz  S-2  glass  woven  roving  fabrics  with  five  picks  and  five  ends  per  inch 
with  an  Owens-Coming^  type  933  high-temperature  sizing  were  also  available.  In  preliminary 
experiments,  however,  these  were  found  to  have  too  much  weft  distortion  that  could  not  be 
straightened  out  well  enough  to  provide  meaningful  mechanical  test  results.  Finally,  a  quantity 
of  the  24-OZ  5x5  woven  roving  with  Owens-Coming’ s  type  463  epoxy-based  sizing  that  had 
been  coated  to  have  a  sheet  resistance  of  250  per  square  was  also  available.  Although  the 
adhesion  of  the  polypyrrole  coating  to  this  particular  fabric  was  described  by  the  supplier  as  not 
being  as  good  as  it  could  be,  it  was  tested  to  see  how  well  it  would  perform  in  polyester 
resin-based  composites.  This  fabric  was  also  used  in  a  thick  section  composite  for  a  special 
ballistic  test. 

Previous  applications  of  the  polypyrrole-coated  fabrics  at  ARL  have  been  in  composites  in 
which  the  matrix  polymer  resin  was  either  polyester  (Alpha  Owens  Coming’s  E-701-3^)  or 
polyurethane  (Uniroyal  Chemical’s  Adiprene-L  100,  cured  with  Catur  21**).  No  evidence  of  a 
chemical  reaction  of  these  resins  with  the  polypyrrole  coating  has  been  detected,  and  it  is  also 
relatively  easy  to  work  with  the  resins.  These  two  resins  were  therefore  selected  as  a  matrix  for 
the  mechanical  property  test  samples. 

The  initial  composite  panels  for  mechanical  test  specimens  were  fabricated  using  standard 
hand  lay-up  methods  with  wet  resins.  This  process  has  some  drawbacks  that  make  it  poorly 
suited  for  preparing  mechanical  test  specimens.  First,  it  is  hard  to  get  the  resin  content  truly 

JPS  Glass,  PO  Box  260,  Slater,  SC  29683. 

^  Lydall-Manning,  2800  Turnpike  Drive,  Hatboro,  PA  19040. 

*  Owens-Coming  Fiberglas,  2790  Columbus  Road,  Route  16,  Granville,  OH  43023-1210. 

Alpha  Owens  Coming,  2552  Industrial  Drive,  Valparaiso,  IN  46383-9510. 

’*  Uniroyal  Chemical  Company,  Benson  Road,  Middlebury,  CT  06749. 
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uniform  throughout  the  panel.  This  can  lead  to  resin-rich  and  resin-poor  areas  in  the  composite, 
which  can  adversely  affect  the  mechanical  properties.  Similarly,  the  overall  resin  content  is 
difficult  to  control.  Also,  the  process  involves  handling  of  wet  fabrics,  which  can  lead  to 
significant  weft  distortion. 

In  later  work,  the  hand  lay-up  process  was  replaced  by  a  vacuum-assisted  resin-transfer 
molding  (VARTM)  process  [4].  This  process  produces  panels  with  fiber- volume  fractions  that 
are  as  consistent  as  those  obtained  by  any  other  method,  with  the  possible  exception  of  matched 
metal  molding,  and  effectively  eliminated  fiber-volume  fraction  as  a  variable.  Since  the  process 
used  dry  fabrics,  it  is  also  much  easier  to  control  weft  distortion  in  the  panels.  Care  was  taken  to 
align  the  fabrics  in  the  same  direction.  For  the  polyester  resin-based  samples,  a  2-ft-wide  x 
4-ft-long  composite  panel  of  23  layers  of  polypyrrole-coated  type  6781  S-2  glass  fabric  and 
5  plies  of  uncoated  S-2  glass  was  fabricated  using  the  VARTM  method. 

This  mix  of  fabrics  is  a  worst-case  simulation  of  how  the  coated  fabrics  might  actually  be 
used.  The  fabric  plies  in  the  panel  were  aligned  so  that  the  fill  direction  of  the  fabrics  was  the 
long  direction  of  the  panel.  Two  similar  panels  were  made  using  uncoated  S-2  glass  fabrics,  one 
with  the  IPS  Glass  amino-silane  sizing  and  the  other  with  a  polyester/epoxy-compatible  “Volan” 
sizing.  The  polyester-based  panels  were  cured  1  hr  at  160°  F  and  post-cured  1  hr  at  250°  F  to 
develop  the  full  mechanical  strength  of  the  resin.  The  panels  were  kept  under  vacuum  over  night 
as  they  cooled  to  room  temperature. 

The  polyurethane  matrix  composites  were  also  fabricated  by  the  VARTM  process.  The 
fabrics  and  resin  were  heated  to  about  140°  F  to  lower  the  viscosity  of  the  resin  and  ease  its  flow 
into  the  panels.  Ten-ply  panels,  each  10  in  wide  x  16  in  long,  were  fabricated,  one  from  a  fabric 
coated  to  have  a  120-i2-per-square-sheet  resistance  and  one  from  a  uncoated  amino-silane-sized 
fabric.  These  panels  were  made  side  by  side  in  the  same  vacuum  bag  to  reduce  the  difference  in 
fiber  volume  in  the  samples  as  much  as  possible.  Two  additional  panels  of  similar  size  were  also 
made  side  by  side  in  a  vacuum  bag,  one  with  uncoated  fabric  and  one  with  a  mixture  of  five  plies 
each  of  3,750-  and  530-Q-per-square  fabrics.  The  panels  were  cured  for  1  hr  at  250°  F  and 
allowed  to  cool  overnight  to  room  temperature  while  under  vacuum. 
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The  initial,  pre-1995,  mechanical  test  samples  (all  with  polyester  resin)  were  machined  in  the 
ARL  shop  at  Watertown,  MA,  prior  to  the  move  of  the  ARL  Materials  Directorate  to  Aberdeen 
Proving  Ground  (APG)  that  year.  All  other  mechanical  test  samples  were  cut  from  polyester 
resin-based  composite  panels  made  after  the  move  by  Dess  Machine  and  Manufacturing.*  The 
long  axis  of  the  samples  was  the  warp  direction  of  the  fabrics  in  all  cases,  except  for  a  few  of  the 
earliest  samples  for  which  samples  were  also  cut  in  the  orthogonal  (fill)  direction.  Typical 
samples  are  shown  in  Figure  1.  For  the  polyurethane-based  panels,  mechanical  test  samples 
similar  to  those  in  Figure  2  were  cut  using  a  sharp  die  in  a  hydraulic  cutting  machine. 

3.  Mechanical  Property  Tests 

3.1  Polyester  Matrix  Composites.  The  mechanical  tests  performed  on  the  polyester  matrix 
composites  and  American  Society  for  Testing  of  Materials  (ASTM)  specifications  [5-8]  for  the 
tests  are  shown  in  Table  1.  These  are  the  standard  tests  for  S-2  glass  composites  required  in 
MIL-PRF-46197A  [9]. 

The  tensile  strength  and  modulus  of  a  composite  are  determined  in  large  part  by  the  strength 
of  the  reinforcement  materials,  although  the  matrix  and  interface  also  play  a  significant  role.  As 
a  consequence,  the  tensile  strength  and  modulus  are  less  affected  by  variations  in  the  resin 
content  of  the  composite  than  the  other  tests.  The  flexure,  compression,  and  shear  properties  are 
strongly  affected  by  the  resin,  the  fiber  concentration,  and  interface  properties.  Meaningful 
comparisons  of  these  properties  for  samples  with  coated  and  uncoated  glass  are  possible  only  if 
the  percentage  of  fiber  in  the  samples  does  not  differ  greatly  from  one  sample  to  another.  Of  the 
early  (pre-1995)  samples,  only  those  made  with  the  24-oz  5x5  woven  roving  with  the 
Owens-Coming  type  463  sizing  were  sufficiently  close  in  fiber  content  to  permit  comparison. 
The  results  of  these  tests  are  shown  in  Table  2.  These  samples  contained  about  51  ±1%  glass 
fiber  by  volume. 


*  Dess  Machine  &  Manufacninng,  Inc..  5049  North  Dupont  Highway,  Dover,  DE  19901. 
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Figure  1.  Mechanical  Test  Specimens  From  the  Polyester  Matrix  Composite  Panels  -  From 
Left  to  Right,  Tension  Compression,  Flexure,  and  Short  Beam  Shear. 
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Figure  2.  Mechanical  Test  Specimens  From  the  Polyurethane  Matrix  Composite  Panels  -  Tension  (Left)  and  Flexure 
(Right). 


Table  1.  Required  Tests  and  ASTM  Specifications 


Test 

Specification  No. 

Tensile  Strength  and  Modulus 

ASTM-D638  [5] 

Compressive  Strength  and  Modulus 

ASTM-D695  [6] 

Flexure  Strength  and  Modulus 

ASTM-D790  [7] 

Short-Beam-Shear  Strength 

ASTM-D2344  [8] 

Table  2.  Test  Results  for  Samples  From  Woven  Roving  Fabrics 


Test  Sample  No. 

1 

2 

3 

4 

Type 

Uncoated 

Coated 

Test  Direction  (°) 

0 

90 

0 

90 

Tensile  Strength  (ksi) 

71.6  ±3.7 

72.5  ±1.6 

58.5  ±4.6 

62.7  ±3.9 

Tensile  Modulus  (Msi) 

3.3  ±0.2 

3.2  ±0.2 

2.7  ±0.4 

2.7  ±0.2 

Flexure  Strength  (ksi) 

33.2  ±1.0 

34.0  ±1.3 

23.5  ±1.3 

26.4  ±1.5 

Flexure  Modulus  (Msi) 

3.6  ±0.2 

3.5  ±0.04 

3.28  ±0.09 

3.4  ±0.09 

Short-Beam-Shear  Strength  (ksi) 

3.0  ±0.3 

2.8  ±0.1 

1.6  ±0.5 

1.9  ±0.5 

It  is  not  surprising  that  all  mechanical  properties  are  at  least  a  little  lower  in  the  coated  fabric 
samples,  since  the  bonding  of  the  polypyrrole  coating  to  the  sized  glass  fiber  was  not  optimized. 
The  short-beam-shear  strength,  which  is  a  measure  of  the  interlaminar  shear  strength,  is  the 
property  most  affected  by  the  polypyrrole  coating,  as  expected.  It  is  entirely  possible  that  the 
poor  adhesion  of  the  polypyrrole  coating  is  the  cause  of  all  the  loss  in  mechanical  strength  and 
that  the  strength  of  the  fibers  has  not  been  affected  by  the  coating  process.  Seven  to  10  samples 
were  tested  for  each  of  the  reported  results. 

Several  composite  panels  were  also  prepared  by  hand  lay-up  using  the  finer  weave  type  6781 
S-2  glass  fabric.  Only  the  tensile  strength  and  modulus  data  can  be  meaningfully  compared  for 
these  samples,  however,  because  of  the  variations  in  glass-fiber  concentration.  These  data  are 
presented  in  Table  3.  The  adherence  of  the  polypyrrole  coating  was  much  better  for  these 
fabrics,  according  to  the  supplier. 
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Table  3.  Data  for  Samples  Cut  From  Composite  Panels 


Sample 

Type 

Percent  of  Glass 
(±2%) 

Tensile  Strength 
(ksi) 

Modulus 

(Msi) 

BIX 

Coated 

38.0 

55.9  ±1.4 

2.6  ±0.2 

BIY 

Coated 

37.5 

55.7  ±1.5 

2.8  ±0.4 

BlAX 

Coated 

40.1 

55.5  ±1.0 

2.9  ±0.04 

B2X 

Coated 

35.7 

54.7  ±1.1 

2.5  ±0.06 

B2Y 

Coated 

37.3 

55.4  ±0.6 

2.8  ±0.2 

B2XA 

Coated 

36.6 

51.9  ±1.8 

2.7  ±0.3 

SW3X 

Uncoated 

38.7 

54.8  ±1.8 

2.6  ±0.1 

SW3Y 

Uncoated 

37.3 

53.9  ±1.3 

2.6  ±0.1 

These  results  indicate  that  the  coating  process  had  very  little  effect  on  the  tensile  strength  and 
modulus  of  the  composites,  and  by  inference  on  the  strength  of  the  glass  fibers.  A  ±7,7% 
variability  of  the  glass-fiber  concentration  for  these  samples  was  inferred  from  the  thickness  of 
the  individual  specimens.  This  is  undesirably  large,  however,  and  the  relative  constancy  of  the 
results  is  probably  fortuitous.  Although  the  results  are  highly  suggestive,  they  present  only  a  part 
of  the  picture  of  the  effects  of  the  coating  on  the  mechanical  properties. 

More  consistent  results  for  all  of  the  mechanical  properties  tested  were  obtained  when 
samples  cut  from  panels  made  by  the  VARTM  process  were  tested.  The  results  of  these  tests  are 
presented  in  Table  4.  The  glass  concentration  in  these  composites  was  45.7  ±1%  by  volume. 
These  samples  were  made  with  fabrics  from  a  lot  of  polypyrrole-coated  fabrics  different  from 
those  used  in  the  samples  in  Table  3.  The  scatter  in  the  data  for  the  different  groups  of  samples 
is  reasonable  for  these  measurements. 


The  differences  in  tensile,  compressive,  and  flexure  strengths  between  the  polypyrrole-coated 
samples  and  the  Volan-sized  samples  are  about  as  large  as  those  between  the  Volan-sized  and 
amino-silane-sized  samples.  The  values  of  the  tensile  and  compressive  moduli  are  relatively 
unchanged,  however.  The  flexure  modulus  actually  increases  for  the  polypyrrole-coated 
samples.  The  short-beam-shear  strength  decreases  significantly,  however.  The  results  for  the 
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Table  4.  Data  for  Samples  Cut  From  Composite  Panels  Made  by  the  VARTM  Process 


Test 

Volan 

Sizing 

Polypyrrole 

Coated 

Tensile  Strength  (ksi) 

71.5  ±3.0 

58.9  ±2.1 

49.2  ±3.1 

Tenisle  Modulus  (Msi) 

3.05  ±0.2 

3.02  ±0.25 

2.95  ±0.23 

Flexure  Strength  (ksi) 

84.6  ±1.1 

69.6  ±1.6 

45.3  ±1.5 

Flexure  Modulus  (Msi) 

3.37  ±0.01 

3.34  ±0.04 

4.44  ±0.06 

Compressive  Strength  (ksi) 

33.6  ±2.6 

26.2  ±2.0 

18.3  ±1.7 

Compressive  Modulus  (Msi) 

1.33  ±0.03 

1.30  ±0.03 

1.34  ±0.04 

Short-Beam-Shear  Strength  (ksi) 

4.72  ±0.5 

3.86  ±0.04 

1.78  ±0.04 

flexure,  compressive,  and  short-beam-shear  strengths  also  indicate  that  the  polypyrrole  coating 
has  a  significant  effect  on  the  fiber  matrix  interface,  as  might  be  expected. 

It  is  possible  that  the  fiber  matrix  interface  properties  are  also  the  cause  of  the  lower  tensile 
strength  of  the  composites  with  the  polypyrrole-coated  fibers  and  that  the  strengths  of  the  fibers 
is  not  greatly  affected  by  the  coating  process.  The  reason  why  the  tensile  strength  is  not  as  high 
for  these  polypyrrole-coated  samples  as  it  was  for  the  samples  in  Table  3  is  not  clear.  The 
samples  came  from  lots  of  fabrics  made  at  different  times  several  years  apart.  The  adhesion  of 
the  coating  was  nominally  equally  good  for  both  lots  of  coated  fabrics,  although  it  might  not 
have  been.  The  data  clearly  demonstrate  that  the  polypyrrole  coating  alters  the  interface 
properties,  but  do  not  indicate  whether  the  fiber  strength  is  also  affected. 


3.2  Pol3iirethane-Based  Composites.  The  tensile  strength  and  flexure  modulus  of 
composites  of  the  polypyrrole-coated  S-2  glass  in  a  Uniroyal  Adiprene  L-lOO  matrix  resin  was 
also  measured.  This  resin  is  flexible,  rather  than  brittle,  and  has  a  hardness  of  Shore  A-90. 
Composites  of  this  resin  therefore  have  mechanical  properties  that  differ  from  polyester-based 
composites.  The  interface  mechanical  properties  are  also  different  for  the  polyurethane  resin  as  a 
consequence  of  the  different  chemical  composition  of  the  resin.  Test  results  on  samples  of  these 
composites  are  shown  in  Table  5.  The  glass  concentration  in  these  composites  was  41  +1%  by 
volume. 
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Table  5.  Test  Results  for  Polyurethane  Resin  Matrix  Composite  Samples 


Test 

Uncoated  1 

Uncoated  2 

120  Q 

3,520  and  530  Q 

Tenisle  Strength  (ksi) 

27.711.7 

26.5  ±2.1 

31.010.8 

28.412.2 

Flexure  Modulus  (Msi) 

— 

1.32  ±0.05 

— 

1.3010.04 

Surprisingly,  the  tensile  strength  of  the  polypyrrole-coated  fabric-based  composites  was 
slightly  higher  than  for  those  made  with  the  uncoated  amino-silane-sized  fabrics.  This  strength 
difference  could  be  due  to  the  mechanical  properties  of  the  interface,  although  there  is  the 
possibility  that  the  polypyrrole-coated  fibers  are  stronger.  The  results  are  consistent  with  the 
postulate  that  the  fibers  are  not  seriously  weakened  by  the  coating  process.  The  flexure  modulus 
is  essentially  the  same  for  the  uncoated-fabric  and  coated-fabric  composites. 

4.  Ballistic  Properties 


4.1  Pre-1995  Work.  Ih  previous  unpublished  work,  a  69-ply  composite  panel  was 

fabricated  in  which  the  first  10  plies  were  polypyrrole-coated  S-2  glass  woven  roving  with  a 
polyester  semicompatible  sizing  (Owens-Coming’ s  type  463).  The  resin  in  the  first  10  plies  was 
Alpha  Owens-Coming’s  E-701-3  polyester.  The  balance  of  the  composite  was  made  using  S-2 
glass  roving  that  had  been  prepregged  with  Cytec-Fiberite  CYCOM  4102  polyester  resin.*  This 
69-ply  panel  was  tested  against  a  20-mm  fragment-simulating  projectile.  The  results  were 
well  within  the  range  typical  for  similar  S-2  glass  laminates  without  polypyrrole-coated  fabrics. 
The  glass  fibers  in  the  first  layer  of  such  a  composite  are  simply  cut  through  by  this  type  of 
projectile.  No  effect  from  the  pol)^yrrole  coating  would  be  expected,  provided  that  the  fibers 
are  not  too  badly  damaged  by  the  coating  process.  This  type  of  thick  S-2  glass  polyester  resin 
composite  is  similar  to  that  used  as  weight  bearing  structural  armor  on  the  Composite  Infantry 
Fighting  Vehicle  (CIFV).  Although  this  data  point  is  certainly  encouraging,  a  more  definitive 
test  would  have  to  be  performed  on  a  thiimer  laminate  with  a  smaller  projectile.  No  other 

*  Cytec-Fiberite,  1440  North  Kraemer  Boulevard,  Anaheim,  CA  92806. 
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ballistic  tests  have  previously  been  reported  for  composite  samples  made  using  polypyrrole- 
coated  S-2  glass  fabrics. 

4.2  New  Work.  The  samples  used  in  ballistic  tests  in  this  work  were  also  prepared  using  the 
VARTM  process  with  dry  fabrics  and  Alpha  Owens  Coming  E701-3  polyester  resin.  A  2-ft  x 
4-ft  laminate  of  25  plies  of  type  6781  S-2  glass  fabrics  with  the  JPS  amino-silane  sizing  was 
fabricated  and  cut  into  1-ft  square  test  samples  using  a  panel  saw  with  a  diamond  blade.  A 
similar  laminate  was  fabricated  using  20  plies  of  polypyrrole-coated  fabrics,  with  three  plies  of 
uncoated  fabric  at  the  front  and  two  plies  at  the  rear.  As  with  the  mechanical  test  samples,  the 
polypyrrole-coated  fabrics  were  a  random  mixture  of  fabrics  with  different  sheet  resistances. 

The  1-ft  square  panels  were  tested  vs.  a  22-cal.  fragment-simulating  projectile  per 
MIL-STD-662  [10].  The  values  for  the  uncoated  and  polypyrrole-coated  S-2  glass 
composites  were  essentially  the  same,  with  the  polypyrrole-coated  composites  possibly,  but  not 
definitely,  just  a  little  higher.  The  high-partial,  and  low-complete  velocities  in  feet  per 
second  are  shown  in  Table  6. 


Table  6.  Ballistic  Test  Results 


Velocity 

Coated  Fabric 
(ft/s) 

Uncoated  Fabric 
(ft/s) 

V50 

1,520  ±86 

1,590  ±46 

High-Partial 

1,523 

1,583 

Low-Complete 

1,590 

1,600 

The  entrance  holes  on  the  uncoated  samples  were  very  similar,  as  expected  (see  Figures  3 
and  4),  while  the  exit  holes  on  the  backs  of  the  samples  were  quite  different.  The  delaminated 
areas  on  the  polypyrrole-coated  glass  panels  were  much  less  obvious  than  on  the  uncoated  glass 
panels  and  also  had  an  apparently  different  shape.  Percussion  tests,  however,  show  that  the 
delaminated  area  on  the  polypyrrole-coated  glass  panel  was  much  larger  than  it  appeared  to  be, 
was  more  or  less  circular,  and  was  actually  larger  than  that  in  the  uncoated  glass  panel.  The 
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Figure  3.  Bailistically  Tested  Panels  From  Uncoated  Glass  Fabric  -  Back  (Left)  and  Front  (Right)  Sides. 


Figure  4.  Ballistically  Tested  Panels  From  Polypyrrole  -  Back  (Left)  and  Front  (Right)  Sides. 


apparent  delaminated  area  is  marked  in  black  on  Figure  5.  The  percussion  test  results  were 
verified  by  direct  observation  after  cutting  through  two  of  panels,  as  shown  in  Figures  6  and  7. 

These  ballistic  test  results  are  consistent  with  the  postulate  that  the  fibers  were  not  seriously 
damaged  by  the  polypyrrole-coating  process.  However,  it  is  impossible  to  say  just  how  much 
damage  they  may  have  incurred,  if  any.  The  lower  interlaminar  shear  strength  of  the 
polypyrrole-coated  fabric  composite  improves  the  ballistic  performance  a  little  by  increasing  the 
energy  lost  in  delamination.  The  extra  delamination  apparently  compensates  for  the  lower 
tensile  strength  of  the  composite  caused  by  the  changed  interface  properties.  The  difference  in 
ballistic  strengths  is  small  in  any  event. 

5.  Tensile  Tests  on  the  Fabrics 

In  order  to  try  to  establish  the  effect  of  the  polypyrrole  coating  on  the  strengths  of  the  fibers, 
some  tensile  strength  tests  were  run  on  samples  of  the  bare  fabrics.  Samples  8  in  long  x  3  in 
wide  were  cut  from  a  similar  roll  of  uncoated  type  6781  fabric  and  from  a  roll  of  fabric  that  had  a 
1 ,200-Q-per-square  coating  applied.  These  samples  were  held  in  1 -in- wide  rubber-coated  jaws 
and  pulled  at  a  rate  of  0.1  in/min.  Two  batches  of  30  samples  of  the  uncoated  6781  fabric  were 
tested  to  identify  the  problems  that  could  be  encountered  and  to  develop  technique.  The  tensile 
strength  of  glass  fibers  is  determined  by  a  distribution  of  minute  flaws,  which  results  in  a  large 
variation  in  the  apparent  fiber  strength.  Weibull  statistics  are  best  used  to  present  the  data.  This 
methodology  is  described  in  ASTM-C 1239-95  [11].  A  Weibull  plot  of  the  data  for  one  of  the 
batches  for  the  6781  S-2  glass  fabric  with  the  amino-silane  sizing  is  shown  in  Figure  8.  The  test 
data  for  the  other  batch  are  nearly  identical.  The  results  are  consistent  with  the  proposition  that  a 
single  flaw  population  with  a  distribution  of  defect  sizes  determines  the  strength  of  the  material. 

The  lines  in  the  Weibull  plots  represent  a  fit  of  the  data  to  the  formula 


Pf  =  1  -  exp  -  (a/CTe)”, 
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Figure  5.  The  Delamiaated  Area  on  the  Coated  Glass  Panel  as  Determined  by  a  Simple  Percussion  Test 


% 
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Figure  6.  The  Delaminated  Area  in  a  Ballisticaliy  Tested  Panel  Made  From  Uncoated 
Glass,  as  Seen  in  a  Cut  Through  the  Center  of  the  Sample.  About  5  in  of  the 
Sample  Are  Shown. 


s 


Figure  7.  The  Delaminated  Area  In  a  Balllstically  Tested  Panel  Made  From  Coated  Glass, 
as  Seen  in  a  Cut  Through  the  Center  of  the  Sample.  About  5  in  of  the  Sample 
Are  Shown. 


} 
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Probability  of  Failure  (%) 


Figure  8.  A  WeibuU  Plot  for  the  Tensile  Strength  of  a  Batch  of  Samples  of  Type  6781  S-2  Glass  Fabric  With  an 
Amino-Silane  Sizing. 


where  Pf  is  the  probability  of  failure,  a  is  the  strength  (load  in  this  case),  ae  is  the  characteristic 
strength,  and  m  is  an  experimentally  determined  constant.  In  general,  the  higher  the  “m”  value, 
the  narrower  the  distribution  of  strength-limiting  flaws.  The  characteristic  strength  (load),  Oe,  is 
that  at  which  63.2%  of  the  samples  have  failed.  Average  and  Weibull  strengths  for  the  samples 
tested  are  shown  in  Table  7. 


Table  7.  Average  and  Weibull  Strengths 


Fabric 

Average  Strength  and 
Standard  Deviation 
(lb) 

Weibull  Strength 
(lb) 

Weibull  Slope 
(m) 

Amino-Silane  1 

262  ±29.9 

274 

10.6 

Amino-Silane  2 

263  ±27.5 

275 

10.5 

Volan 

212  ±17.3 

220 

11.2 

1,200-Q  Polypyrrole 

320  ±29.0 

333 

13.5 

When  comparable  tests  were  performed  on  an  S-2  glass  fabric  that  had  been  coated  with 
polypyrrole,  it  was  immediately  obvious  that  this  fabric  was  stronger.  A  Weibull  plot  for  the 
1,200-Q-per-square  fabric  is  shown  in  Figure  9.  The  reasons  for  the  apparently  higher  tensile 
strength  are  not  entirely  clear.  However,  the  coated  fabrics  are  somewhat  smoother  to  the  touch 
than  the  uncoated  fabrics,  and  the  most  likely  explanation  for  the  apparent  strength  difference  is 
that  the  coating  has  increased  the  lubricity  of  the  fibers.  This  reduces  friction  as  the  fibers  rub 
against  each  other  and  makes  the  fibers  less  likely  to  break  when  the  fabric  is  pulled.  It  is  also 
possible  that  the  polypyrrole  coating  simply  coats  over  minute  bare  spots  on  the  sized  fibers. 
The  acid  bath  treatment  could  possibly  help  round  out  and  thus  reduce  the  sharpness  of  the 
strength-limiting  flaws  in  the  glass,  although  this  seems  unlikely  since  the  fabrics  are  sized. 

In  order  to  test  the  lubricity  effect  argument,  samples  of  a  very  stiff  t5^e  6781  S-2  glass 
fabric  with  a  nonlubricious  “Volan”  sizing  were  also  tested.  The  test  results  for  samples  of  this 
fabric  were  about  20%  lower  than  for  the  fabrics  with  the  amino-silane  sizing.  Figure  10  shows 
the  Weibull  plot  for  the  data.  The  results  support  the  argument  that  the  lubricity  is  the  major 
source  of  the  difference  in  the  test  rests  for  the  different  fabrics. 
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Probability  of  Failure  (%) 


Fracture  Stress  (psi) 


Figure  9.  A  Weibull  Plot  for  the  Tensile  Strength  of  a  Batch  of  Samples  of  Type  6781  S-2  Glass  Fabric  With  an 
Amino-Silane  Sizing  That  Had  Been  Polypyrrole-Coated  to  Produce  a  l,200-i2-Per-Square-Sheet 
Resistance. 


Probability  of  Failure  (%) 


Figure  10.  A  WeibuII  Plot  for  the  Tensile  Strength  of  a  Batch  of  Samples  of  Type  6781 S-2  Glass  Fabric  With 
Voaln  Sizing. 


6.  Conclusions 


The  results  of  the  ballistic  and  tensile  tests  on  the  polyester  and  tensile  tests  on  the 
polyurethane  resin  matrix  composites  and  on  the  bare  fabrics  support  the  proposition  that 
damage  to  S-2  glass  fibers  by  the  polypyrrole-coating  process  is  not  large  and  is  very  possibly 
negligible.  True  proof  of  this  proposition  would  require  direct  tests  on  large  samples  of  single 
fibers,  which  would  be  very  difficult  and  possibly  inconclusive  in  view  of  the  fragility  of  the 
single  fibers.  The  interface  properties  of  the  fibers  in  polyester  resin  matrix  composites  are 
significantly  affected  by  the  polypyrrole  coating,  as  evidenced  by  the  flexure,  compression,  and 
short-beam-shear  results.  However,  these  composites  should  still  be  strong  enough  for  the 
applications  envisioned  for  them.  The  ballistic  test  results  on  coated-fabric-based  and 
uncoated-fabric-based  polyester  resin  matrix  composites  are  comparable,  although  the 
coated-fabric  composites  show  a  larger  degree  of  delamination. 
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MATH  SCI  CTR  OF  EXCELLENCE 

DEPT  OF  MATHEMATICAL  SCI 

MADNMATH 

THAYER  HALL 

WEST  POINT  NY  10996-1786 


1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRLDD 
J  J  ROCCHIO 
2800  POWDER  MILL  RD 
ADELPHI MD  20783-1197 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  CS  AS  (RECORDS  MGMT) 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1 145 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  Cl  LL 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1 145 


ABERDEEN  PROVING  GROUND 

4  DIR  USARL 

AMSRL  Cl  LP  (BLDG  305) 


25 


NO.  OF 

COPIES  ORGANIZATION 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  CP  CA  D  SNIDER 
2800  POWDER  MILL  RD 
ADELPHIMD  20783 

1  COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  FSE  T  GORA 
PICATINNY  ARSENAL  NJ 
07806-5000 

3  COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  TD 
R  PRICE 
V  LINDNER 
C  SPINELLI 

PICATINNY  ARSENAL  NJ 
07806-5000 

5  PM  SADARM 
SFAEGCSS  SD 
BELUS 
M  DEVINE 
WDEMASSI 
J  PRITCHARD 
SHROWNAK 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 
US  ARMY  ARDEC 
SFAE  FAS  PM  F  MCLAUGHLIN 
PICATINNY  ARSENAL  NJ 
07806-5000 

7  COMMANDER 
US  ARMY  ARDEC 
AMSTA  ARCCH 
SMUSALU 
P  CHRISTIAN 
RCARR 
M  LUCIANO 
TLOUCEIRO 
PLUTZ 

PICATINNY  ARSENAL  NJ 
07806-5000 


NO.  OF 

COPIES  ORGANIZATION 

1  COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  E  FENNELL 
PICATINNY  ARSENAL  NJ 
07806-5000 

2  COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 
US  ARMY  ARDEC 
AMSTA  ARFSFT 
CLIVECCHIA 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  QAC  T/C 
C  PATEL 

PICATINNY  ARSENAL  NJ 
07806-5000 

2  COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  M 
DDEMELLA 
FDIORIO 

PICATINNY  ARSENAL  NJ 
07806-5000 

3  COMMANDER 
US  ARMY  ARDEC 
AMSTA  ARFSA 
A  WARNASH 
BMACHAK 
CCHIEFA 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

WATERVLIET  ARSENAL 
SMCWV  QAE  Q  B  VANINA 
BLDG  44 

WATERVLIET  NY  12189-4050 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  COMMANDER 

WATERVLIET  ARSENAL 
SMCWV  SPM  T  MCCLOSKEY 
BLDG  253 

WATERVLIET  NY  12189-4050 

8  DIRECTOR 
BENETLABS 
AMSTA  AR  CCB 
J KEANE 
J  BATTAGLIA 
J  VASILAKIS 
GFFIAR 
V  MONTVORI 
J  WRZOCHALSKI 
RHASENBEIN 
SMCARCCBRSSOPOK 
WATERVLIET  NY  12189 

1  COMMANDER 

WATERVLIET  ARSENAL 
SMCWV  QA  QS  K INSCO 
WATERVLIET  NY  12189-4050 

1  COMMANDER 
USARMYARDEC 

PRODUCTION  BASE  MODERN  ACTY 
AMSMCPBMK 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  BELVOIR  RD&E  CTR 
STRBE  JBC 

FT  BELVOIR  VA  22060-5606 

2  COMMANDER 
USARMYARDEC 

AMSTA  AR  FSP  G  M  SCHIKSNIS 
D  CARLUCCI 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  US  ARMY  COLD  REGIONS 

RSRCH  &  ENGRG  LAB 
PDUTTA 
72  LYME  RD 
HANOVER  NH  03755 


3  US  ARMY  RESEARCH  OFHCE 
ACROWSON 
J CHANDRA 
J PRATER 
R  SINGLETON 
G  ANDERSON 
KIYER 
PO  BOX  12211 

RESEARCH  TRIANGLE  PARK  NC 
27709-2211 

5  PMTMAS 

SFAE  GSSC  TMA 

COLPAWLICKI 

KKIMKER 

EKOPACZ 

RROESER 

B  DORCY 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  PMTMAS 

SFAE  GSSC  TMA  SMD 
R  KOWALSKI 
PICATINNY  ARSENAL  NJ 
07806-5000 

2  PEO  FIELD  ARTILLERY  SYSTEMS 
SFAE  FAS  PM 

H  GOLDMAN 
T  MCWILLIAMS 
PICATINNY  ARSENAL  NJ 
07806-5000 

2  PM  CRUSADER 
GDELCOCO 
J  SHIELDS 

PICATINNY  ARSENAL  NJ  07806-5000 

2  NASA  LANGLEY  RESEARCH  CTR 
AMSRLVS 
WELBER 
F  BARTLETT  JR 
MS  266 

HAMPTON  VA  23681-0001 
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NO.  OF 

COPIES  ORGANIZATION 

2  COMMANDER 
DARPA 

J  KELLY 

B  WILCOX 

3701  N  FAIRFAX  DR 

ARLINGTON  VA  22203-1714 

3  COMMANDER 

DEPT  OF  THE  AIR  FORCE 
AIR  FORCE  RSRCH  LAB 
S  DONALDSON 
T  BENSON  TOLLE 
J  MCCOY 
BLDG  654 

WPAFB  OH  45433-7750 

1  NSWC 

DAHLGRENDIV 

CODEG06 

DAHLGRENVA  22448 

1  NAVAL  RSRCH  LAB 
I WOLOCK 
CODE  6383 

WASHINGTON  DC  20375-5000 

1  OFFICE  OF  NAVAL  RSRCH 
MECH  DIV  CODE  1 132SM 
Y  RAJAPAKSE 
ARLINGTON  VA  22217 

1  NSWC 

CRANE  DIV 
M  JOHNSON 
CODE  20H4 

LOUISVILLE  KY  40214-5245 

1  DAVID  TAYLOR  RSRCH  CTR 
SHIP  STRUCTURES  &  PROT  DEPT 
JCORRADO 

CODE  1702 

BETHESDAMD  20084 

2  DAVID  TAYLOR  RSRCH  CTR 
R  ROCKWELL 
WPHYILLAIER 
BETHESDA  MD  20054-5000 


NO.  OF 

COPIES  ORGANIZATION 

1  DEFENSE  NUCLEAR  AGENCY 

INNOVATIVE  CONCEPTS  DIV 
RROHR 

6801  TELEGRAPH  RD 
ALEXANDRIA  VA  22310-3398 

1  EXPEDmONARY  WARFARE  DIV  N85 

FSHOUP 

2000  NAVY  PENTAGON 
WASHINGTON  DC  20350-2000 

1  OFHCE  OF  NAVAL  RSRCH 

D  SIEGEL  351 
800  N  QUINCY  ST 
ARLINGTON  VA  22217-5660 

1  NSWC 

JH  FRANCIS 
CODE  G30 

DAHLGRENVA  22448 

2  NSWC 

D  WILSON 
RD  COOPER 
CODE  G32 

DAHLGRENVA  22448 

4  NSWC 

JFRAYSSE 
EROW 
T DURAN 
L  DESIMONE 
CODE  G33 

DAHLGRENVA  22448 

1  COMMANDER 

NAVAL  SEA  SYSTEMS  CMD 
DLEESE 

2531  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22242-5160 

1  NSWC 
ME  LACY 
CODEB02 

17320  DAHLGRENRD 
DAHLGRENVA  22448 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  NSWC 

TECH  LIBRARY 
CODE  323 

17320  DAHLGREN  RD 
DAHLGRENVA  22448 

4  DIR  LLNL 

R  CHRISTENSEN 
S  DETERESA 
F  MAGNESS 
M  HNGER 
PO  BOX  808 
LIVERMORE  CA  94550 

1  LANL 

F  ADDESSIO 
MS  B216 
PO  BOX  1633 
LOS  ALAMOS  NM  87545 

1  LANL 

J  REPPA  MS  F668 

PO  BOX  1663 

LOS  ALAMOS  NM  87545 

1  OAK  RIDGE  NATL  LAB 

R  M  DAVIS 
PO  BOX  2008 

OAK  RIDGE  TN  37831-6195 

1  PENNSYLVANIA  STATE  UNIV 
CBAKIS 

227  N  HAMMOND 
UNIVERSITY  PARK  PA  16802 

3  UDLP 

4800  EAST  RIVER  RD 
PJANKE  MS  170 
T  GIOVANETn  MS236 
B  VAN  WYK  MS389 
MINNEAPOLIS  MN  55421-1498 

1  DREXEL  UNTV 
A  S  D  WANG 

32ND  AND  CHESTNUT  ST 
PHILADELPHIA  PA  19104 


4  DIRSNL 

APPLIED  MECHANICS  DEPT 

DIV  8241 

WKAWAHARA 

KPERANO 

D  DAWSON 

PNIELAN 

PO  BOX  969 

LIVERMORE  CA  94550-0096 

1  BATTELLE 

CR  HARGREAVES 
505  KING  AVE 
COLUMBUS  OH  43201-2681 

1  PACMCNWLAB 
M  SMITH 
PO  BOX  999 
RICHLAND  WA  99352 

1  LLNL 

M  MURPHY 
L282 

PO  BOX  808 
LIVERMORE  CA  94550 

1  NORTH  CAROLINA  STATE  UNTV 
CIVIL  ENGRG  DEPT 
WRASDORF 
PO  BOX  7908 
RALEIGH  NC  27696-7908 

1  PENNSYLVANIA  STATE  UMV 
RMCNUT 

227  HAMMOND  BLDG 
UMVERSHYPARKPA  16801 

1  PENNSYLVANIA  STATE  UMV 
RS  ENGEL 

245  HAMMOND  BLDG 
UMVERSHYPARKPA  16801 

1  PURDUE  UMV 

SCHOOL  OF  AERO  &  ASTRO 
CTSUN 

W  LAFAYETTE  IN  47907-1282 
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NO.  OF 

COPIES  ORGANIZATION 

1  STANFORD  UNIV 

DEPT  OF  AERONAUTICS  AND 
AEROBALUSTICS  DURANT  BLDG 
STSAI 

STANFORD  CA  94305 

1  UCLA  MANE  DEPT  ENGR IV 
HHAHN 

LOS  ANGELES  CA  90024-1597 

2  UDRI 
RYKIM 
AKROY 

300  COLLEGE  PARK  AVE 
DAYTON  OH  45469-0168 

1  UNIVERSITY  OF  DAYTON 
JMWHTTNEY 
COLLEGE  PARK  AVE 
DAYTON  OH  45469-0240 

3  UND 

CTR  FOR  COMPOSITE  MAIL 
J  GILLESPIE 
MSANTARE 
KBERNASEK 
201  SPENCER  LAB 
NEWARK  DE  19716 

1  UNIVERSITY  OF  ILLINOIS  AT 

URBANA  CHAMPAIGN 
NATL  CTR  FOR  COMPOSITE 
MAILS  RSRCH 
216  TALBOT  LAB 
J  ECONOMY 
104  S  WRIGHT  ST 
URBANA  IL  61801 

1  UNIVERSITY  OF  KENTUCKY 

LYNN  PENN 
763  ANDERSON  HALL 
LEXINGTON  KY  40506-0046 

1  UNIVERSITY  OF  UTAH 

DEPT  OF  MECH  &  INDUST  ENGRG 
S  SWANSON 

SALT  LAKE  CITY  UT  84112 


NO.  OF 

COPIES  ORGANIZATION 

3  UNTV  OF  TEXAS  AT  AUSTIN 

CTR  FOR  ELECTROMECHANICS 
J  PRICE 
A  WALLS 
JKirZMILLER 
10100  BURNET  RD 
AUSTIN  TX  78758-4497 

3  VA  POLYTECHNICAL  INST  & 

STATE  UNIV 
DEPTOFESM 
MWHYER 
KREEFSNIDER 
R  JONES 

BLACKSBURG  VA  24061-0219 

1  UNIVERSHYOFMD 

DEPT  OF  AEROSPACE  ENGRG 
AJVIZZINI 

COLLEGE  PARK  MD  20742 

1  AAICORP 
TG  STASTNY 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

1  J HEBERT 
PO  BOX  1072 

HUNT  VALLEY  MD  21030-0126 

1  ARMTEC  DEFENSE  PRODUCTS 
SDYER 

85  901  AVE  53 
PO  BOX  848 
COACHELLA  CA  92236 

2  ADV  COMPOSITE  MAILS  CORP 
PHOOD 

J  RHODES 

1525  S  BUNCOMBE  RD 
GREER  SC  29651-9208 

1  SAIC 
D  DAKIN 

2200  POWELL  ST  STE  1090 
EMERYVILLE  CA  94608 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIRS  ORGANIZATION 


1  SAIC 

M  PALMER 

2109  AIR  PARK  ROSE 

ALBUQUERQUE  NM  87106 

1  SAIC 

R  ACEBAL 

1225  JOHNSON  FERRY  RD  STE  100 
MARIETTA  GA  30068 

1  SAIC 

G  CHRYSSOMALUS 
3800  W  80TH  ST 
STE  1090 

BLOOMINGTON  MN  55431 

6  ALLIANT  TECHSYSTEMS  INC. 
CCANDLAND 
R BECKER 
LLEE 
RLONG 
DKAMDAR 
GKASSUELKE 
600  2ND  ST  NE 
HOPKINS  MN  55343-8367 

1  AMOCO  PERFORMANCE 
PRODUCTS  INC 
MMICHNOJR 
4500  MCGINNIS  FERRY  RD 
ALPHARETTAGA  30202-3944 

1  APPLIED  COMPOSITES 

WGRISCH 

333  NORTH  SIXTH  ST 
ST  CHARLES  BL  60174 

1  BRUNSWICK  DEFENSE 
T  HARRIS 
STE  410 

1745  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22202 

1  PROJECTILE  TECHLGY  INC 
515  GILES  ST 

HAVRE  DE  GRACE  MD  21078 


1  CUSTOM  ANALYTICAL  ENGRG 

SYS  INC 
A  ALEXANDER 
13000  TENSOR  LANE  NE 
FUNTSTONEMD  21530 

1  NOESIS  INC 
ABOUTZ 

1 1 10  N  GLEBE  RD  STE  250 
ARLINGTON  VA  22201-4795 

1  ARROW  TECH  ASSOC 

1233  SHELBURNE  RD  STE  D  8 
SOUTH  BURLINGTON  VT 
05403-7700 

1  NSWC 

R  HUBBARD  G33-C 
DAHLGREN  DIV 
DAHLGRENVA  2248-5000 

5  AEROJET  GEN  CORP 
D  PDLLASCH 
T  COULTER 
C  FLYNN 
DRUBAREZUL 
M  GREINER 

1 100  WEST  HOLLYVALE  ST 
AZUSA  CA  91702-0296 

7  CIVIL  ENGRG  RSRCH  FOUNDATION 

H  BERNSTEIN  PRESIDENT 
CMAGNELL 
K  ALMOND 
R BELLE 
MWILLETT 
EDELO 
B  MATTES 

1015  15TH  ST  NW  STE  600 
WASHINGTON  DC  20005 

1  NIST 

STRUCTURE  &  MECHANICS  GROUP 
POLYMER  DIV  POLYMERS 
G  MCKENNA 
RMA209 

GAITHERSBURG  MD  20899 
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NO.  OF 

COPIES  ORGANIZATION 

1  DUPONT  CO 

COMPOSITES  ARAMID  FIBERS 
SBORLESKE 
CHESNUT  RUN  PLAZA 
PO  BOX  80702 

WILMINGTON  DE  19880-0702 

1  GENERAL  DYNAMICS 
LAND  SYSTEMS  DIV 
DBARTLE 
PO  BOX  1901 
WARREN  MI  48090 

3  HERCULES  INC 
RBOE 
FPOUCELU 
JPOESCH 
PO  BOX  98 
MAGNA  UT  84044 

3  HERCULES  INC 
G  KUEBELER 
JVERMEYCHUK 
BMANDERVUXEJR 
HERCULES  PLAZA 
WILMINGTON  DE  19894 

1  HEXCEL 

M  SHELENDICH 
11555  DUBLIN  BLVD 
PO  BOX  2312 
DUBLIN  CA  94568-0705 

5  INSTIT  UTE  FOR  ADV  TECHLGY 
TKIEHNE 
HFAIR 
P  SULLIVAN 
WREINECKE 
IMCNAB 

4030  2WBRAKERLN 
AUSTIN  TX  78759 

1  INTEGRATED  COMPOSITE  TECH 

HPERKINSONJR 
PO  BOX  397 

YORK  NEW  SALEM  PA  17371-0397 


NO.  OF 

COPIES  ORGANIZATION 

1  INTERFEROMETRICS  INC 
RLARRIVA 
8150  LEESBURG  PIKE 
VIENNA  VA  22100 

1  AEROSPACE  RSRCH  &  DEV 

ASRDD  CORP 
D ELDER 
PO  BOX  49472 
COLORADO  SPRINGS  CO 
80949-9472 

1  PM  ADVANCED  CONCEPTS 
LORAL  VOUGHT  SYSTEMS 
I  TAYLOR 

PO  BOX  650003 
MSWT21 

DALLAS  TX  76265-0003 

2  LORAL  VOUGHT  SYSTEMS 
G  JACKSON 

KCOOK 

1701  W  MARSHALL  DR 
GRAND  PRAIRIE  TX  75051 

1  BRIGS  CO 
J  BACKOFEN 
2668  PETERBOROUGH  ST 
HERDON  VA  22071-2443 

1  SOUTHWEST  RESEARCH  INSTTrUTE 

ENGR  &  MATERIAL  SCIENCES  DIV 
JRIEGEL 

6220  CULEBRA  RD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 

1  ZERNOW  TECHNICAL  SERVICES 
LZERNOW 

425  W  BONITA  AVE  SUITE  208 
SAN  DIMAS  CA  91773 

1  REICHELBERGER 
409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

1  DYNA  EAST  CORP 
PC CHOU 
3201  ARCH  ST 

PHILADELPHIA  PA  19104-2711 
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NO.  OF 
COPIES 

2 


2 


1 


1 


1 


2 


1 


1 


ORGANIZATION 

MARTIN  MARIETTA  CORP 
P  DEWAR 
L  SPONAR 

230  EAST  GODDARD  BLVD 
KING  OF  PRUSSIA  PA  19406 

OUN  CORP 
FLINCHBAUGH  DIV 
E  STEINER 
B  STEWART 
PO  BOX  127 
RED  LION  PA  17356 

OUN  CORP 
L  WHITMORE 
10101  9TH  ST  NORTH 
ST  PETERSBURG  FL  33702 

RENNSAELER  POLYTECHNIC  INST 

RB  PIPES 

PRESIDENT  OFC 

PITTSBURGH  BLDG 

TROY  NY  12180-3590 

SPARTA  INC 
JGLATZ 

9455  TOWNE  CTR  DRIVE 
SAN  DIEGO  CA  92121-1964 

UNITED  DEFENSE  LP 
PPARA 
G  THOMAS 
1107  COLEMAN  AVE 
BOX  367 

SAN  JOSE  CA  95103 

MARINE  CORPS  SYSTEMS  COMMAND 
PM  GROUND  WEAPONS 
ROWEN 

2083  BARNETT  AVE  SUITE  315 
QUANTICO  VA  22134-5000 

ONR 
J KELLY 

800  NORTH  QUmCEY  ST 
ARLINGTON  VA  22217-5000 


NO.  OF 

COPIES  ORGANIZATION 

2  NSWC 

CARDEROCKDIV 
R  CRANE  CODE  2802 
C  WILLIAMS  CODE  6553 
3A  LEGGETT  CIRCLE 
ANNAPOLIS  MD  21402 

5  SIKORSKY 
H  BUTTS 
T  CARSTENSAN 
BKAY 
S GARBO 
JADELMANN 
6900  MAIN  ST 
PO  BOX  9729 

STRATFORD  CT  06601-1381 

1  UNIV  OF  WYOMING 

D  ADAMS 
PO  BOX  3295 
LARAMIE  WY  82071 

1  MICHIGAN  STATE  UNIV 
RAVERHi 
3515  EB  MSM  DEPT 
EAST  LANSING  MI  48824-1226 

1  AMOCO  POLYMERS 
J  BANISAUKAS 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30005 

1  HEXCEL 
TBTTZER 

11711  DUBLIN  BLVD 
DUBLIN  CA  94568 

1  BOEING 

RBOHLMANN 
MC  5021322 
PO  BOX  516 

ST  LOUIS  MO  63166-0516 

1  NAVSEA  OJRI 
G  CAMPONESCHI 
235 1  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22242-5160 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  LOCKHEED  MARTIN 
RFEELDS 
1195  IRWIN  CT 
WINTER  SPRINGS  FL  32708 

1  USAF 

WL  MLS  OLA  HAKIM 
5225  BAILEY  LOOP  243E 
MCCLELLAN  AFB  CA  55552 

1  PRATT  &  WHITNEY 

DHAMBRICK 
MS  114-37 
400  MAIN  ST 

EAST  HARTFORD  CT  06108 
1  BOEING 

DOUGLAS  PRODUCTS  DIV 
LJ  HART  SMITH 
3855  LAKEWOOD  BLVD 
D800  0019 

LONG  BEACH  CA  90846-0001 

1  MIT 

PLAGACE 
77  MASS  AVE 
CAMBRIDGE  MA  01887 

1  NASA  LANGLEY 
J  MASTERS 

MS  389 

HAMPTON  VA  23662-5225 

2  CYTEC  FIBERTIE 
MUN 

WWEB 

1440  N  KRAEMER  BLVD 
ANAHEIM  CA  92806 

2  BOEING  ROTORCRAFT 
P  MINGURT 
P HANDEL 
800  B  PUTNAM  BLVD 
WALLINGFORD  PA  19086 

2  FAA  TECH  CTR 

DOPLINGERAAR431 
P  SHYPRYKEVICH  AAR  43 1 
ATLANTIC  CITY  NJ  08405 


1  NASA  LANGLEY  RC 
CCPOEMS  188E 
NEWPORT  NEWS  VA  23608 

1  LOCKHEED  MARTIN 
S  REEVE 
8650  COBB  DR 
D  73  62  MZ  0648 
MARIETTA  GA  30063-0648 

1  WLMLBC 
E  SHINN 
2941  PST  STE  1 
WPAFB  OH  45433-7750 

1  nr  RSRCH  CTR 

DROSE 
201  MILL  ST 
ROME  NY  13440-6916 

1  MATERIALS  SCIENCES  CORP 
BW  ROSEN 
500  OFFICE  CTR  DR 
STE  250 

FT  WASHINGTON  PA  19034 

1  DOWUT 
STEDRICK 
15  STERLING  DR 
WALLINGFORD  CT  06492 

3  TUSKEGEEUNIV 
MATERIALS  RSRCH  LAB 
SCHOOL  OF  ENGRG  &  ARCH 
S  JEELANI 

HMAHFUZ 
UVAIDYA 
TUSKEGEE,  AL  36088 

4  NIST 
POLYMERS  DIV 
RPARNAS 
JDUNKERS 

M  VANLANDINGHAM 
D  HUNSTON 

GAITHERSBURG  MD  20899 
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NO.  OF 

copres  ORGANTZATION 


NO.  OF 

COPIES  ORGANTZATION 


2  NORTHROP  GRUMMAN 
ENVIRONMENTAL  PRGMS 
R  OSTERMAN 
8900  E  WASHINGTON  BLVD 
PICO  RIVERA  CA  90660 

1  OAK  RIDGE  NATL  LAB 

A  WERESZCZAK 
BLDG  4515 
MS  6069 
PO  BOX  2008 

OAKRIDGETN  37831-6064 

1  COMMANDER 
US  ARMY  ARDEC 
INDUSTRIAL  ECOLOGY  CTR 
TSACHAR 
BLDG  172 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 
US  ARMY  ATCOM 
AVIATION  APPLIED  TECH  DIR 
J  SCHUCK 
M  DINNING 
K  UNSWORTH 
FTEUSTISVA  23604-5577 

1  COMMANDER 
US  ARMY  ARDEC 
AMSTAARSREDYEE 
PICATINNY  ARSENAL  NJ 
07806-5000 

7  COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  CCH  B 
B KONRAD 
ERIVERA 
G  EUSTTCE 
S  PATEL 
G  WAGNECZ 
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